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ABSTRACT 

The  gas  phase  reaction  kinetics  of  O-atoms  with  the  two  alkylated  d.-amine  rocket  fuelsf^ 
(CH3)2NNH2  and  CH3NHNH2.Jvas  studied  in  a  discharge  flow-tube  apparatus  unde  P 
first-order  conditions  in  [O-atom],  Direct  vuv  cw-resonance  fluorescence  momtonng  of  the  [0 

second-order  O-atom  rate  coefficient  expressions;  ki  --  (1.94  ±  0.34)  x  10-H  e(-5 

k2  .  (2,9  ±  0.40)  x  10-11  *145  *  «yr  cm3  molec-l  s-l,  respectively,  for  reactions  with 

(CH3)2NNH2  and  CH3NHNH0  in  the  temperature  range  232-644  K  and  m  He  pressure  0 
torn.  The  total  yields  of  OH  in  the  reactions  were  measured  to  be  (0.12  ^  0.09)  and  (0.1 
at  298  K  and  in  2.0  ton  He  pressure.  Close  to  -  53%  and  -  t>9%  of  the  OH  p 
estimated  ,0  be  vrbrationa.ly  excited.  A  pulsed-photolysis  reactor  was  used  to  extend  our 
measurements  on  the  O-atom  reaction  kinetics  with  the  -substituted  rocket  fuel  NoH^ha,  we 
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,  ,  &t  oQ«  v  hnth  the  rate  coefficient,  k3  -  (0-59 

had  previously  studied  in  the  flow-tube  apparatus-  At  298  k,  both 


±  0.12)  x  10-1 1  cm3  molec-1  S-1  and  the 


total  OH  yield  =  (0.35  ±  0.14)  did  not  show  any 
discemable  dependence  on  He  or  N2  buffer  gas  pressures  of  up  ,0  404  tom.  The  -gnttude  of, 
the  weak  temperature  dependence  and  the  lack  of  pressure  effects  in  the  O  4  N0H4  reactton  rate 

initial  addition  of  the  O-atom  to  the  di-amrne,  followed  by  raptd  dictation  of  the  tntermedrate 
into  a  variety  of  products. 


INTRODUCTION 

Hydrazine  (N2H4).  methylhydrazine  (CH3NHNH2)  and  unsymmetn 

dtmethylhydrazine  ((CH3)2NHH2)  form  an  important  class  of  di-amine  based  rocket  fuels.l 
They  are  tvpically  oxidized  in  nitrogen  tetroxide  (N204)  combusters  to  generate  the  desire 
thru.  For’  example,  a  blend  of  50:50  N2H4  and  (CH)b-2  is  ployed  tn  the  Than  launch 
vehicle^  CH3NHNH2  is  used  tn  the  various  Space  Shuttle  thrusters  that  make  up  the  Orbttal 

Maneuver  System  (OMS)  and  the  Reactton  Control  System  -  (RCS).  »  »  “ 
monopropellants,  espectally  that  of  N2H4,  is  also  very  common  tn  small  attttude  and  trajectory 

fragments,  are  known  not  only  ,0  reduce  the  lifetime  or  the  performance  0,  the  onboard 
instrumentation  due  to  surface  contact, on.2  but  also  to  degrade  the  ambtent  atmosphenc 
optica,  environment  due  ,0  chemiluminescent  ,n, erections  both  tn  the  near  and  far-fields  of  the 
expand, nu  plume.  Emisstons  ranging  from  the  tr  .0  the  vuv  are  posstble  that  pnmanly  anse  due 


t0  on  going  combustion  reactions  in  the  neat-field  (core-rod, atio„)3  and  due  to  effluent- 
atmosphere  collisions  in  the  far-field  (plume-radiation) .«  The  most  recent  pound-based*  and 
in-flight4,10  observations  of  the  uv-vistble  emrssions  from  the  Space  Shuttle's  thrusters  have 
reponed  intense  336-nm  NH(A-aX)  and  630-nm  0(lD^P),  and  strong  558-nm  0(lS-4D) 
features  in  the  plume-radiation.  Analysis  and  model, ng  of  these  features  as  a  function  of  ram- 
angle  and  altitude  indicate  that  the  mechanism  for  0(lS)/0(lD)  product, on  is  via  collisional 
excitation  of  atmospheric  0(3P)  by  the  exhaust  effluents.  HgO  and/or  N2.  and  for  NH(A) 
production  via  the  0(3P)  +  CHJNH  reacfion.  The  CHoNH  fragment  is  believed  to  come  from 
the  thermal  decomposition  of  the  escaping  fuel.  CH3NHNH2.  Clear  explanations  of  the 
source(s)  for  many  other  weaker  emission  features  (OH(A->X),  NO(A-»X).  CN(B^X)  and 
CO(a-oX)  etc.)  in  Space  Shuttle  plume-radiation  have  not  yet  been  proposed.  This  must  wait 
until  we  have  a  detailed  understand, ng  of  the  processes  that  control  the  temporal  and  spatial 
evolution  of  the  initial  exhaust  effluents  and  their  subsequent  products.  The  three  mam 
processes  that  determine  the  fate  of  the  di-amine  fuel  fragments  within  the  thermospheric  plume 
are  degradation  by  pyrolysis,  oxidation  by  O-atoms  and  heterogeneous  loss  to  spacecraft 
surfaces.  It  is  therefore  desirable  ,0  accurately  determine  the  product  distributions  and  the 
reactivity  trends  in  O-atom  reactions  with  di-ammes  not  only  for  carrying  out  relia  P 
radiance  calculations  but  also  for  properly  simulating  the  combustion  of  these  fuels  m  N2O4. 


There  is  only  one  previous  report!!  on  the  room  temperature  (296  K)  values  f 
atom  rate  coefficients;  k,  -  (2.3  4  0.34)  x  10-11  and  ko  =  (1.6  ±  0.34)  x  10-1 1  cm3  molec-1  s-l, 

(CH3)2NNH2  and  CH3NHNH2.  In  the  same  study  k3  -  (0-99  - 


respectively,  for  reaction  with 
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.  .  --r^nrtpd  Two  other  room 
o  .  1  1  for  the  O  +  N?H4  reaction  was  also  reporte  . 

0.12)  x  10-1 1  cnP  molec-1  s  i  tor  me  u 

j  _  i  so  y  lO-H  cm3  molec-1  s'l  can  also 
.  .  fp.  j.  n  151  x  lO'll  and  —  l-o-  x  iu 
temperature  values  for  ks  -  (O.oO  - 

V  13  Ml  these  values  differ  significantly  from  our  previous  value  of 
be  found  in  the  literature  Ml  these 

_  *  .  afvnaratus  l4  Furthermore,  we 

61  .  o  11)  x  10-11  cm3  molec-1  S-1  measured  in  a  flow-tube  appar  ■ 

'  f  v  n -5.0  16)  x  10-13  xexp[(640±60)fT], 

measured  a  negattve  temperature  dependence  for  k3  -  P-  *  ’-.16) 

957.403  K  and  in  2.0  tort  He  pressure,  whereas  a  positive  depen 
in  the  temperature  range  2o-  4-  n 

*  j  4  x  10-10  x  exp[-604fT]  cm3  molec-1  S-1  in  the  temperature  range  243-463  K  an  in 
„  *  Mr  pressure  had  been  claimed  in  Kef.  13.  Accurate  product  yield  measurements  m 

consistent  with  Foner  and  Hudson,^  mass  spectrometnc  observations  of  N2H3  pro  net 
intensity  being  -  25  times  smaller  than  that  of  the  N2H2  product  in  their  crossed  molecu  ar  earn 
mitigations  of  the  0  +  N2H4  interaction.  Similarly,  m  the  O  *  <C****»  —  - 
identified  the  (CH3)itWH  product  but  no  mass  signal  corresponding  to  the  (CHa)2  ^ 
was  seen.  And  finally  m  the  O  +  CH3NHNH2  interaction,  the  products  .ot 

CH3NHN)  and  CH3NHNH  or  CH3NNH2  were  identified.  No  actual  yields  0 
carbonaceous  species  were  reponed.  However,  from  these  product  studies 
the  predominant  simultaneous  abstraction  of  two  H-atoms  m  the  O  +  N2H4  -d  - 
reactlon  mu,  be  occurring  b,  the  removal  of  one  hydrogen  from  each  of  the  nitrogen.  It 
follows  that  this  mode  of  O-atom  attack  is  probably  negligible  m  the  O  +  (CH3)2NNH2  r=a 
but  is  competitive  with  the  single-H-atom  removal,  O  +  CH3NHNH0  .  OH  +  CN0H5.  m  the 
case  of  methylhydrazine's  reaction.  Similar,,,  in  another  mass  spectrometnc  study  by  Gerhm. 


and  co-workers  U  a  relatively  large  sig 
also  observed  in  the  0  +  N2H4  system. 


anal  for  the  primary  H20  product  compared  to  OH  was 


In  this  study  the  temperature  dependencies  of  1*  and  k2.  in  the  range  232-644  K  and  ,n 
2.0  torr  He  pressure,  are  reported  for  the  firs,  time,  and  the  effect  of  pressure  on  k3(298  K) 
investigated  for  He  or  N2  buffer  gas  pressures  of  up  to  404  torn.  We  have  also  measured 
product  yields  at  298  K  m  these  reasons  and  used  this  information  to  gain  some  further  mstgh, 
into  the  nature  of  the  reaction  mechanism  in  the  0  +  di-amine  system. 


experimental  technique 


Previously,  we  have  described  the  details  of  the  fast  flow-tube  apparatus 

details  of  reagent  preparations,  and  how  the 


photoylsis  reactor  14,16  Here,  we  only  give  the 
reaction  kinetics  data  were  collected  and  analyzed. 


The  di-amine  plus  O-atom  reactions  were  studied  under  pseudo-frrst-order  conditions  in 

O-atom  concentration  ([O-atom,  «  [di-amine,).  The  gas  phase  [di-amine]  concentration  tn  the 

expenments  was  de.enruned  by  uv  photometnc  techmques,  and  accurate  measurements  of  the 

gas  flow  rates  using  previously  calibrated  capacitance 


system’s  pressure,  temperature  and  earner  g: 
manometers,  thermocouples  and  electronic  mass 


,-flow  meters.  The  uv-absorption  cross  sections, 


of  990  5  x  10-20  248.9  x  10-20  and  399.9  x  10-20  cm2  molec-1,  respectively  for 
C2l3.9-nm  of  220.0  x  iu  , 


N2H4,  CH3NHNH2  and 


(CH3)2NNH2  were  used.lM?  The  Teflon/Pyrex  flow-lines  were 


previously  conditioned  with  the  di-amine  so  that  >ts  tn-situ  decomposition  in  the  reactors  was 
negligible.  For  the  fast  flow-tube  apparatus,  the  O-atoms  were  generated  erther  in  a  fixed  side- 
arm  or  in  a  sl.ding-.njector  microwave  discharge  port.  A  1%  02  m  He  mixture  was  discharged 
to  produce  the  O-atoms.  The  inside  walls  of  the  port  were  coated  with  a  30%  solution  of  H,P04 
acid  to  minimize  O-atom  loss  before  being  injected  into  a  known  amount  of  the  d.-amme  being 
earned  by  He  with  a  total  linear  bulk-flow  velocity,  v.  The  di-amine  entered  the  main  reaction 
zone  of  the  flow-tube  from  the  sliding-injector  when  the  O-atoms  were  produced  upstream 
side-arm,  and  from  the  side-arm  when  the  O-atoms  were  made  in  the  sliding-injector.  The  flow- 
tube  was  operated  under  plug-flow  condi, ,onslS  a,  a  nominal  He  pressure  of  2.0  torr  and  in  the 
temperature  range  232-644  K.  A  halocarbon  coated  Pyrex  flow-tube  with  an  outer  Pyrex  jacket 
that  contained  a  thermostated  cooling/heating  fluid  was  used  for  temperatures  below 
a  resistively  heated  quartz  flow-tube  (previously  cleaned  in  H3PO4  solution)  was  used  for  higher 
temperature  work.  Data  below,  232  K  was  not  obtained  as  the  loss  rate  of  O-atoms  to  the  walls  m 
the  presence  of  the  di-amine  was  so  high  that  the  signal-to-noise  ratio  of  the  O-atom  resonance 
fluorescence  fell  below  the  detection  limit  of  -  5  x  10»  molec  cm-3  (signal-to-noise  ratio  =1,1- 
sec  integration  time).  The  flow-tube  had  to  be  warmed  to  232  K  or  above  m  order  to  recover  the 
O-atom  signal  to  its  onginal  level.  Similarly,  data  above  644  K  was  not  collected  as  the 
tendency  for  charring  rnside  the  flow-, ube  due  .0  alkylated  di-amine  decomposition  was 
observed  to  increase  greatly  for  T  >  650  K.  At  each  [di-amine],  the  kinetics  of  the  O-atom  plus 
di-amine  reaction  was  followed  by  recording  the  steady-state  O-atom  cw-resonance  fluorescence 
signal  strength  as  a  function  of  the  reaction  distance,  z  between  the  point  of  reagent  mixing  at  the 
injector  tip  and  the  fixed  detection  zone  downstream  of  the  flow-tube.  The  O-atoms  we 
using  a  cw-microwave  atomic  resonance  lamp  to  excite  the  Q3SOi  4-  2-^Pj)  transitions  m  atomic 
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»en  The  130  o-130.6-nm  resonance  fluorescence  ensuing  from  the  detection 
oxvsen.  ine  ljv.-  , 

dH;cted  orthogonally  to  the  ,amp  usmg  a  vacuum-monochromator/PMT  assembly.  The  signal 
were  analyzed  usmg  photon-coun— .channel  scaling  techniques  and  recorded  a,  a 
microcomputer  for  later  analysis. «  The  OH  product  profiles  were  recorded  with  secern  H20 
added  to  the  flow-tube  mixture  that  rt  preferentrall,  quenched  any  OH(V  >  0,  formed  ,0 

gromd  (,.  .  0)  state  before  any  srgnifican.  reactive  ,oss  too*  placed  The  OH  was  probed 

.  tLP  Hi?  line  of  the  OH  transition 
using  a  tunable  pulsed-laser  operating  at  -  282.15  nm  to  exci  - 

(a22+,  ,  .  p  .  X20,  V  =  0).  The  resulting  laser-rnduced  fluorescence  due  ,0  the  transitions 

(A2Z+,  v'  =  1  ->  x2n,  v"  =  1,  bandhead  at  312.16  nm)  and  (A2S+,  v  -  0  X  n, 
bandhead  at  306.36  nm),  ensuing  from  the  detection  zone  was  detected  orthogonally  to  the  probe 
laser  beam  by  a  second  bandpass-filter/PMI  assembly.  These  signals  were  analyzed  using  ga^ 
charge-integration/signal  averaging  techniques  and  recorded  at  another  microcomp 
The  detection  limit  for  OH  was  estimated  to  be  -  1  x  109  molec  cm-3  (s.gnal-to-no.se  ratio 

per  1000-pulse-integrations). 

.  A  pulsed-photolysis  reactor  operating  under  slow-flow  conditions  was  employed  to 

re  w  the  O  -f  N?H4  reaction  in  He  or  NT2 
extend  the  k3(298  K)  rate  coefficient  measurements  for  the  O  . 

Of  up  to  404  ton.  248-nm  laser  photolysis  (1-5  mJ/cm-/pulse)  of 
buffer  gas  pressures  of  up  to 

,n,  .  hv  O(ID)  w  0°  followed  by  O(lD)  +  N2  -P  °(3P)  +  *2*) 
1013  molec  cm-3  of  ozone  (03  +  hv  ->  OOU) 

resolved  resonance  fluorescence  O-atom  signal  immediately  after  the  photolysis  pulse.  The  0 
atom  rate  coefficient  data  in  N2  was  also  obtained  indirectly  by  momtonn=  OH  p 
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reaction.  Here,  193-nm  photolysis  of  NgO  was  used  to  produce  the  0(?P)  and  excess  CO_ 

used  as  the  OH(v"  >  0)  product  quencher.19  The  kinetics  was  followed  by  determining  th  [  H] 
time  profile  immediately  after  the  photolysis  by  recording  the  relative  OH-fluorescmce  sig 


strength  as  a  function  of  the  delay  time  between  the  photolysis  and  probe  laser  pulses.  The  slow 
gas  flow  rate  of  the  reactor  and  the  laser  repetition  rate  were  chosen  so  as  to  replenish  the 
reaction  mixture  in  the  detection  zone  after  every  photolvtic  pulse. 


The  absolute  OH  product,  yields  in  these  reactions  were  determined  by  measuring  the 
relative  detection  sensitivity  for  O-atoms  and  OH  radicals  in  our  apparatuses  using  suitable 
photolytes  for  which  the  values  of  OH  and/or  0(3?)  quantum  yields  are  accurately  known.  This 
is  described  in  detail  in  the  next  section. 


Materials 


He  (>  99.9997%)  from  U.  S.  Bureau  of  Mines,  N2  (99.9995%)  from  Spectra  Gases,  N20 
(99.99%)  from  Matheson  Gas  Products  and  C02  (99.99%)  from  Scott  Specialty  Gases  were  used 
as  received.  Hydrocarbon-free  N2H4  (Viking  Grade)  from  Edwards  AFB,  (CH3)2NNH2  0 
99.3%)  and  CH3NHNH2  (>  99.5%)  from  Olin  Chemicals  were  subjected  to  several  freeze  thaw 


purification  cycles  at  a  grease-less  vacuum 


line,  and  the  panfied  distillates  dried  over  BaO  or 


CaHo.  02  (99.991%)  from  Big  Three  Industry  was  used  as  supplied  to  make  up  a  1%  in  He 
discharge  mixture.  03  was  generated  by  flowing  the  02  through  a  commercial  ozonator  and 
collected  in  a  trap  over  silica  gel  at  195  K.  Excess  02  entrained  m  the  =el  was  p  p 
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K.  A  2 %  O3  in  He  calibration  mixture  was- prepared  in  a  darkened  12-7  flask.  The  water 


distilled  in  the  laboratory. 


RESULTS 


Direct  ki,  k2  and  k3  Determinations 


Stace  the  [di-amine]  always  is  in  a  great  excess  over  the  [O-atom]  tn  the  flow-tube,  it  can 
he  shown  that  the  pseudo-first-order  decay  coefficient,  ft  for  O-atoms  ts  gtven  by,  ln(OS/0So) 

=  -k'i.t.  Where  Os  is  the  net  (background-subtracted)  steady-state  O-atom  cw-resonance 

fluorescence  signal  strength  recorded  at  the  detection  rone  for  a  reaction  time  of  t  =  z/v.  The 
flow-tube  reaction  dtstance,  z,  is  defined  to  be  the  length  between  the  tip  of  the  sliding-injector 
where  the  O-atoms  enter  and  the  O-atom  resonance  fluorescence  detection  axis,  v  is  the  bulk 
linear  flow  velocity  of  the  He  earner  gas,  0So  is  the  net  signal  smength  that  would  be  observed 
for  z  =  0  and  corresponds  to  the  initial  concentration,  [0-atom]0  available  at  the  detection  zone, 
k'j  =  k'w  +  ki[di-amine],  where  k'w  is  the  first-order  loss  rate  term  for  O-atoms  to  the  walls,  an 
■  ki  the  absolute  second-order  O-atom  reaction  rate  coefficren,  with  the  di-amine  0  -  ‘  «  2  f“ 
(CH3)2NNH2  and  CH3NHNH2,  tespectively).  Values  of  k,  tn  the  range  100-600  s-1  were 
extracted  from  non-linear-least-squares  fits  to  the  data  points  of  the  observed  exponential  decays 
of  the  O-atom  signal.  In  the  absence  of  the  di-amine,  k'w  was  typically  found  to  be 
a,  298  K.  (For  O-atoms  entering  upstream  via  the  fixed  side-arm  port,  there  is  additional  loss  of 
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O-atoms,  which  increases  as  the  reactton  length  is  decreased  due  to  increasing  amount  of 
exposure  to  the  slidmg-injector  walls.  In  this  case  it  can  be  shown  that  k'i  =  -  k'w.m  +  >=i[d.- 
amine],  where  k'w,in  is  the  first-order  decay  coefficient  for  O-atom  loss  a,  the  injector  walls. 
This  lost  rate  term,  kw.in  was  typically  found  to  be  -  5  s-1  at  298  K,  see  Figure  1.  open  circles). 
The  values  of  k'i  were  plotted  as  a  function  of  [di-anune)  to  extract  the  correspondrng  kj  values 
by  fitting  the  data  to  a  linear-least-squares  routine,  see  Figure  2.  Figure  3  shows  the  temperature 
dependencies  of  ki  and  ko  in  the  range  232-664  K  and  in  2.0  torr  He  pressure. 

In  the  O3/N2/N2H4  pulsed-photolysis  experiments,  the  O-atom  signal  immediately  after 

the  initiating  laser  pulse  was  also  observed  to  decay  exponentially,  with  the  decay  coeff 
given  by;  k'd  +  k3[N2H4]-  Here,  k'd  represents  the  sum  of  first-order  loss  rate  terms  of  O-atoms 
due  to  diffusion  out  of  the  detection  volume,  and  reaction  with  03  and  background  impurities, 
k'd  was  typically  measured  to  be  in  the  range  25-50  s-1  and  k'3  m  the  range  500-3000  s-1.  The 
298  K  values  of  k3  determined  from  second-order  plots  were;  (O.06  ±  0.08)  x  10  ,  (O.00 

0.08)  x  10-11  and  (0.60  ±  0.09)  x  10-H  cm3  mo,ec-l  s-1  m  21.6  torr  He,  208.9  torr  He  and 
205.4  torr  No  pressure,  respectively.  All  indicated  errors  in  this  work  are  1-0,  precision  plus 

estimated  systematic. 
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OH  Product  Yield  Measurements 


The  exothermicity  of  the  O  +  di-amine  reaction  can  produce  OH  with  interna,  visional 

excitations  np  to  the  limit  of  available  reaction  enthalpy.^  In  order  to  be  abl 
accurately  the  total  OH  yield  in  the  reaction  by  mst  prob,ng  the  (V  -  0,  -1,  and  be  ab  e  to 
extract  a  rate  coefficient  value  for  the  OH  +  d.-amine  reaction,  it  was  necessary  to  record  .  e 
profile  m  the  presence  of  a  suitable  quencher  that  allowed  rapid  relaxation  of  OH(V 
around  state  compared  to  its  reactive  and/or  diffusional  loss. 


It  can  be  shown  that 


the  [OH]  profile  in  the  0  +  di-amine  flow-tube  reaction 


represented  by; 


[OH]  =  HOHH 

Where  Id,, OH  -  ^di-amine,  +  k'w.OH  represents  the  pseudo-first-order  loss  of  OH  in  the 
system,  with  kfOH  as  the  absolute  second-order  rate  coefficient  for  OH  reaction  with  the  di¬ 
amine  and  kw.OH  as  the  first-order  rate  term  for  ioss  to  the  flow-tube  waits.  kV  -  ^[dt- 

amine]  +  kOHv[H20]  +  k'r,OHv  +  kw,OHv  is  effectlve  fir5t'°rdCr  teim  ? 
vibrationally  excited  hydroxy,  radicals  in  the  system  (depicted  as  OHv  for  a„  V  levels),  with 

ki  OHv>  toHV,  k'r,OHv  -d  bw.Otf,  respective,,,  as  the  second-order  rate  coefficient  for 

tt~  for  nuenchinv  with  water,  the 

reaction  with  the  di-amine,  the  second-order  rate  coefficient  for  quen 

f  lnds  to  the  walls.  The  term 
radiative  decay  coefficient  and  the  first-order  rate  term  tor  loss 

•  n  Ky  A.  =  fi  OHki[°]o[di-amiTie^  and  B  = 

coefficients  are  given  by,  A  -  n,UrlML  Jol 
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k,r,OHv)fi,OHvki[0]0[di-amine])/(k'i-k'v),  where  fpoH  and  fhOHv  are  the  branching  fractions 
for  production  of.  OH  in  (v"  =  0)  and  all  excited  states,  respectively.  For  our  flow-tube 
conditions  during  yield  measurements  of  4.0  x  10 1 5  of  H2O  quencher  and  (0.4-1. 1)  x  10 
molec  cm-3  of  di-amine  concentrations,  the  second  term  of  Equation  (I)  is  negligible,  and  the 
expression  reduces  to:  [OH]  =  ((fi,OHtot-ki[di-amine][0]o)/(k'i-k'i,OH)) '  { exp(-k i,OH-t)-exp( 
k'i.t)},  where  fi,OHtot  represents  the  total  OH  branching  fraction  in  the  reaction.  The  recorded 
[OH]  profiles  can  thus  be  fitted,  without  significant  errors,  to  a  3-variable  bi-exponential 
expression  of  the  form;  mi*{exp(-m2.t)-exp(-m3.t)}  to  extract  values  for  k'i  from  m3,  k’i,OH 
from  mg,  and  the  total  OH  yield  from  mf.  . 

Fisure  4(a)  shows  a  typical  [OH]  profile  recorded  in  the  O  +  CH3NHNH2  flow-tube 
reaction.  Figure  5(a)  shows  values  for  kb  (solid  triangles)  extracted  as  a  function  of 
[CH3NHNH2]  employed  in  the  experiment  as  well  as  those  measured  by  directly  monitoring  the 
O-atom  decay  in  the  same  experiment  (open  triangles).  Figure  5(b)  shows  the  corresponding 
plot  for  kb,OH  values.  The  slopes  in  these  plots  give  absolute  second-order  rate  coefficient 

values  of  k2(298  K)  =  (1.38  ±  0.34)  x  10-11  (OH-monitoring)  and  (1.43  ±  0.25)  x  10-H  (O-atom 
monitoring),  and  k2,OH(298  K)  =  (5.6  ±  1.7)  x  10*11  cm3  molec-1  S-1  in  2.0  ton:  He.  The 
corresponding  (CH3)2NNH2  flow-tube  values  in  2.0  torr  He  were  kf(298  K)  =  (2.01  ±  0.49)  x 
10*11  and  (2. 10  ±  0.37)  x  10-11, and  ki,OH(298K)  =  (6.7  ±2.0)  x  10-11  cm3  molec-1  s-l. 

The  photolysis  reactor  was  used  to  extend  the  OH  yield  measurements  to  higher  buffer 
gas  pressures  in  the  O  +  N2H4  reaction.  N2O  (5.0  x  1015  molec  cm-3)  was  photo  dissociated  at 
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193  nm  (1.5  mJ/cm2/pulse)  in  the  presence  of  N2  to  generate  the  0(3P),  and  the  OH  profile 
recorded  with  sufficient  CO2  (8.1  x  1016  molec  cm-3)  also  present  to  preferentially  relax  the 
vibrationally  excited  OH  to  its  ground  state  before  significant  reactive  loss  occurred.  Figure  4(b) 
shows  a  typical  OH  plot  obtained,  and  the  line  is  a  fit  to  the  data  points  for  a  kinetic  expression 
analogous  to  Equation  (I)-  At  each  of  the  21.2,  185.8  and  404.0  ton  of  N2  pressures  studied,  the 

absolute  second-order  rate  coefficient  values  of  k3(298  K)  =  (0.63  ±  0.16)  x  10  H,  (0.60  ±  0.15) 
x  10-11  and  (0.62  ±  0.16)  x  10-11,  and  k3,OH(298  K)  =  (3.9  ±  1.2)  x  10-H.  (3-3  ±  U)  *  l0'11 
and  (3.2  ±  1.0)  x  10*1 1  cm3  molec-l  s-1,  respectively,  were  deduced  from  the  OH  profiles. 
Direct  O-atom  monitoring  (to  deduce  k3)  in  these  experiments  was  not  performed  since  the  NyO 
caused  a  severe  loss  in  the  resonance  fluorescence  signal  due  to  its  huge  absorption  cross  section 

at  ~  130  nm .21 

Extraction  of  the  absolute  branching  fraction  for  OH  production  m  the  O  +  di-amine 
reactions  from  fitted  values  of  mi  (using  m2  and  m3)  requires  instrument  calibration  using  a 

suitable  photolyte.  In  the  flow-tube  work,  it  can  be  shown  that; 

mi(m3-m2)(R0/ROHy0So  =  (fi,OH  +  ~fi,OHv)ki[di-amine]  W 

Where  OSo  is  the  O-atom  signal  at  z  =  0  determined  directly  from  the  [O-atom]  decay  recorded 
in  the  same  experiment  as  the  [OH]  profile.  (RO/ROH)  is  the  relative  response  factor  for  O- 
atom  and  OH  detection  at  the  two  detector  assemblies.  This  is  determined  in  a  back-to-back 
calibration  experiment  by  photodissociating  a  small  amount  of  03  (2.0  x  10  mole  ) 
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193  nm  (1.5  mJ/cm2/pulse)  in  the  detection  volume  of  the  flow-tube  with  the  same  amount  of 
H,o  (4,0  x  1015  molec  cm-3)  and  He  (2.0  toff)  present  as  that  employed  in  the  ktnettc  runs. 
This  ensured  that  the  detect.cn  sens.,™,,  for  O-a.oms  and  OH  radicals  remained  unchanged  ,n 
the  back-to-back  runs.  The  exponent, a,  [OH]  and  [03P,  decays  are  stmu.,aneous,y  recorded  in 
the  calibration  run,  keeping  the  O-atom  microwave  lamp  output  and  OH-probe  laser  energy  the 

beam  completely  encapsulates  the  counter  propagating  light  beam  from  the  microwave  lamp 
(nside  the  detection  volume.  The  signals  are  extrapolated  to  time  zero  to  determtne  the  value  for 
the  ratio  of  the  hritial  OH  and  O-atom  signals,  (OHSo,cal/°So,cal) 
(ROH/RO)([OH]0,calAO]o,cal)-  The  ratio-  (tOH]o,cal/[01o,cal)  for  the  mm 
production  is  directly  calculable  from  the  known  OH  yield  in  H20  photolysts,  22>23  O(lD)  and 
0(3p)  yields  in  03  photolysis*  and  product  yields  in  O(lD)  -  H20  and 
reactions*  Since  a  large  excess  of  [H20]  relative  to  [di-amine]  is  employed,  the  weak  [di¬ 
amine]  dependence  of  the  term  is  tgnored  in  the  analysts.  Also,  ,t  can  be  shown  that 

under  these  condtttons,  -  98  %  of  the  OH(V  >  0)  wtl,  be  trenched  to  the  ground  state. 
Therefore,  the  value  of  (fi.OH  +  -6,Ofl*)  “nderestima“  the  true  total  OH  yreld  by  only  - 
2*  0I  so.  Figure  5(c)  shows  a  plot  of  ml(m3-m2)(RO^OHyOSo  as  a  function  of 
[CH3NHNH2],  Whose  slope  gives  a  value  for  (f2,OH  ♦  -f2,0Hv)k2(298  K)  =  (0.20  ±  0.10)  * 
,0-11  cm3  molec-1  S-1  as  the  phenomeno.ogtca,  rate  coefficent  for  the  channels  that  lead  .0  OH 
formation.  Simtlar  analysts  for  O  +  (CH3)2NNH2  system  gave  (fi.OH  +  -fl,OH'Okl(298  K)  - 
(0.24  ±  0.12)  x  10-H  cm3  molec-1  s-l.  An  estimate  for  fi,OHv  the  floW'tube  reactl0ns  . 
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,  .  nt  Fere  the  Qi(l)  line  of  the  OH(O^-O) 

made  to  a  different  kind  of  back-to-back  eapentnent.  Hete, 

h  ,  ,  the  resultin2  fluorescence  to  the  <M»  band  observed  in  the  presence 

transition  was  probed  and  the  resmun= 

(4,  x  tnolec  cm'3)  and  absence  of  added  water  a,  a  fixed  (-  *  -  — 
srenal  ratio,  OHs***/0®  is,  to  a  good  approximation,  directly  proporttonal  to  (f,,OH 
0H™,  .cvtded  OHSwater  ,  corrected  for  the  drop  in  the  OH  fluorescence  .antum 
yieid  when  water  ,s  present  to  the  detectton  volume-  Such  anaiyses  at  298  K  yteided  vaiues  o  - 
53%  and  -  59%  for  ff.OH''  and  f2,OHv.  respectively. 

Also  usin»  the  above  OH  excitation/detection  scheme,  the  phenomenological 
the  o  +  ^  reaction  was  determined  by  companng  the  iaser  induced  fluorescence  signa 

observed  in  the  fPS-nm  photolysis  of  NgO^COo^Hu  nnxtore  to  that  seen  m 
N20/N2/C02/H20.  H  CaI1  be  Sh0WT1  that; 


m  1  (m3 -m2) (0HIw ater/0HI) (D/c)/0Hs o , w ater  d3,OH  •  f^0H  } 


(HD 


Where  mi  (i  =  1-3),  as  before,  are  the  best  values  to  a  bi-exponential  fit  of  the  {OH]  time  profile 
in  N20/N2/C02/N2H4  Pitots.  OHSo, water  is  the  time-zero  OH 
N2O/N0/CO0/H2O  photolysis,  and  OHfwater  and  OHf  represent  the  OH  fluores 
yield  terms  in  N2O/N2/CO2/H2O  and  W./CW  ^olyais,  respectively.  D  - 

([NoOloNvOYOH  +  (H2010H20)  and  C  =  (^01^0^°  ♦  tC0^C02). 
.^O^aCOg^  *  «  +  «  *  ^HZO)  and  ^ 

([C02lkCOZ  +  (N2]kN2  t  0.0U[N2O]kNzO)/aCO2]kCOZ  -  + 


.  ,  .  are  the  second-order  rate  coefficients  for  O^D  reactions  with 

P  ■  atl93nm^6  qhe  first  ten,  in  C  represents  d- 

die  aspec.es,  the  absorpt.cn  cross  semens  a.l9c  n  .  •  • 

rrr  m  n3P  and  the  second  term  the  amoun 
amount  of  CD  from  N20  photolysis  that  converts  to  0  P 

03P  from  drrec,  photo.ys,  of  C02.  Srrmlarl,  m  D.  the  « term  represents  the  amount  o 

that  conver  PXoerimental  conditions, 

f  WoD  Calculations  of  these  terms,  for  P 

OH  from  direct  photolysis  of  H20.  Calcuiati  ■ 

h  ■  to03P  from  COo  photolysrs2«,27  was  small  compared  to  that  fro. 

showed  that  the  contnbution  to  0  - 

m  .  ,0  OH  from  HoO  photo, ysis22, 23  comparable  to  that  from  O 

No025,  and  contnbution  to  OH  irom  - 

/0Hn  _  (k<  ,  +  [C02lqc02  +  tN2lqN2 
75  Tke  ratio,  (OHfwater/  ^  ra 

conversion/3  ine  rdU  frnrn 

ruonirraon)  is  calculable  irom 

wv  ■  rCOoloCO7  +  [N2]qN2  +  [N20]qN20  +  PfeOftffiO) 

[N20]qN20V (k  rad  T  [C02jqCO- 

She  known  OH(A.  V  -  0)  quench, ng  rate  coeff, cents,  qspecies28  and  the  radlattve  decay  me. 

k,  d  29  and  the  measured  species  concentrations.  This  ratio  was  maintained  clo 

a>  r  tpr  (9,  0  x  1015  molec  cm'3)  m 

!he  cahbrarion  run  to  convert  a  small  amoun,  ,««)  -  -  ' 

.  N,H4  in  OHf  and  YO  is  ignored  in  the  above  analys.s.  The  slopes 

contnbution  ro  _  ,  (0.20  ±  0.06)  *  10-1 1,  (0-24 

of  Ecuador,  (ffl)  yielded  the  values;  (f3,OH  +  ~f3,°H  )  - 

2i.2)  185.8  and  404.0  torn 
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discussion 


Reaction  Kinetics  and  OH  Yield  Measurements.  The  reactions  of  O-atoms 
di-amines  are  fast,  and  show  weak  temperature  dependencies.  The  Arrhemus  “  'h' d 

paints  of  Figure  3  give  the  following  expressions;  kl  =  (1.94  ±  0.34) 

n  n  am  X  10-11  eC-14S  ±  40)(T  cm3  molec-1  s-l,  respectively,  for  reactions  with 
=  (2.29  ±  0.40)  x  10  ev 

-  .  009  MA  K  and  in  He  pressure  of  2.0 

(CH3)2NNH2  and  CH3NHNH2  in  the  temperature  range  2.2-644  K  an  P 

torr  Variation  in  the  initial  O-atom  concentration,  [O]0  from  1  x  10H  to  7  x 

any  secondary  O-atom  reactions  on  the  rate  coefficient  determinations  » 

Previously^**  we-had  shown  that  O-atoms  produced  by  No  microwave  discharge  followed  by  N- 

from  the  Oo-discharg=  is  expected  to  have  a  negligible  effect,  if  any,  on  our  kl  and  k2 
determinations.  The  K,  values  obtained  in  the  present  photolysis  reactor  are  consistent 

with  our  earlier  values  from  the  flow-tube  apparatus.  Variation  in  the  248-nm  photolysis  fluenc 
(in  the  range  1-5  mJ/cm2/pulse)  had  no  detectable  effect  on  the  measured  value  of  k,.  Thus 

interference  from  N2H4  photolysis  products  was  also  negligible.  The  Oo  Photolyt 
just  upstream  of  the  photolysis  zone  to  prevent  its  excessive  loss  due  to  reaction  with  -» 
During  the  mixture,  residence  time  of  -  0.25  seconds  in  the  reactor,  less  than  U.  03  loss  was 
estimated  to  occur  for  the  case  when  the  highest  [N2B4I  was  employed.  The  products  (OH 
+  N2h3)30  of  this  reaction  are  also  expected  to  cause  a  negligible  interference 
measurements.  No  attempt  was  made  to  measure  kl  and  k2  by  photolyz.ng  Oa  m  (  3)- 
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or 


CH3NHNH2  (in  the  presence  of  N2)  since  these  mixtures  are  expected  to  be  more  than  10 


times  or  so 


less  stable  than  the  O3/N2H4  mixture. 


30 


A.so,  no  discemable  pressure  effect  on  *3(298  K,  was  observed  for  up  to  404  torn  of  He 
or  No.  Our  average  va.ue  for  *3(298  K)  in  this  work  ts  (0.59  4  0.12)  x  10-11  cm3  molec-1  s-k 
The  present  flow-tube  kl(296  K)  and  k2(296  K)  values  are  in  excellent  agreement,  within  -  10% 
and  -  14»,  respectively,  to  those  of  Lang's  determined  in  a  photolysis  reactor, H  though  their 
k,(o96  K)  value  is  -  68%  hrgher  than  ours.  Assuming  that  the  [dt-amine]  can  be  measured 

accurately  in  these  two  studies  (to  wtthm  ±  -  6%  in  our  work),  the  presence  of  reserve 
impurities  in  Lang's  sample  of  N0H4  may  be  a  possible  cause  for  the  higher  measured  rate 

coefficient.  The  present  values  of  k,,OH(298  K)  =  (6.7  1 2.0)  x  10-H,  andk2,OH(298  K)  =  (5.6 
s  1.7)  x  10-1 1  in  2.0  torr  He  and  the  average  value  of  k3,OH(298  K)  =  (0.6  ^  1.2)  x  10 
molec-1  s-1  rn  up  .0  404  torn  He  or  N2  pressure  are  entrrely  consistent  with  our  drrect  flow-tube 

measurements  of  (6.0  ±  U)  x  10-H.  (6.1  ±  U)  *  W11  *"d  <3'7  ±0'7)  X  10‘U  m0'CC4 
1,  respectively  .31 

The  phenomenological  branching  fraction,  B..OH.  for  total  OH  yield  in  the  reactrons  can 

be  calculated  from  the  ratio  of  the  measured  slope(s)  of  Equation  0D  (or  TO  and  the 

,  , .  rpv  wprp.  -R ,  n-rr  =  (0  12  ±  0.09)  and  B2,OH  =  (0-14  = 

corresponding  fitted  value  of  ki-  These  were,  Bl.OH  V  • 

at  298  K  and  in  2.0  tom  He,  and  B3,OH  =  (0.32  ±  0.13),  (0.40  4  0.15,  and  (0.34  *  0.13), 
respectively,  in  21.2,  185.8  and  404  tom  No,  and  298  K.  Our  previous  B3,OH  value  detemuned 
in  ,he  flow-tube  work  was  (0.15  ±  0.05)  at  298  K  and  in  2.0  ton  He.  In  both  the  flow-tube  and 
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photolysis  work  we  consistently  measure  a  low  phenomenological  yield  f°r  ^  l^e  ^  +  ^ 

reactlon,  though  the  agreement  m  the  absolute  va,ues  ts  no,  " 

,he  two  measurements.  The  value  from  the  photolysis  work  ,s  probably  more  rehab  ^  ^ 
from  the  flow-tube  work  since  much  better  fits  in  the  OH  profiles  were  posstble ...» 

data  pomts  could  be  recorded  at  very  short  reactton  tunes  (-  100  pa,  and  also  at  very 

F  ,  1(avpi  Tn  the  latter  flow-tube 

reactton  times  where  the  stgnal  approached  to  the  backgroun  • 

method,  the  shortest  reaction  time  used  was  restncted  to  -  1  ms  to  ensure  mrxtng  ^ 

downstream  of  the  fiow-tube  had  attatned  a  stead, -state  condttton,  and  the  longest  ume  P- 

Also  torn  Equaoon  ^ 

accurately  in  the  calibration  nan.  These  we  measured  dtrecly  usrng  electmutc  mass  flow  m  ^ 
and  184.9-nm  photometry,  respectively.  Both  compounds  undergo  urn,  dtssoca ,  ^ 

a.  B,°’ , 

quantum  yteld,  *(O3P):*(0lD)  in  the  dissociation  of  ozone,  which  ts  known  to  be  a  muti 

.  ,v  ,4  Therefore  MOSpyWHO  may  be  “  ^ 

(0  46  ±  0.29)  and  (0.57  ±  0.14).  respectively.-*  Therefor  . 

,,4.0,3.  Thus,  re-analysis  of  our  ear, ter  work  shows  that  (fg.OH  ♦  ^3  can  range 
from  116  X  10-12  0.67  x  10-12  cm3  molec-1  s-l.  If  we  include  this  vanabthty  wtth  our  flow- 

tube  measurement  — .  the  notmnal  v.ue  of  (0.15  ,  0.11)  makes  the  ^ 
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of  the  two  methods  is  (0.30, 0.17).  This  low 

atom  reaction  ,s  qualitatively  in  agreement  wrth  Foner  and 
signals  for  the  hydrazyl  radical  (the  co-product  of  OH)  relauve  io 

j  worker's^  low  signals  for  the  OH 
and  Gehnng  and  co-worker 


phenomenological  OH  yield  (in  the  N2H4  +  » 
Hudson's*5  measurements  of  low 

that  for  the  di-imide,  N2H2, 
product  relative  to  that  for  H20  (the  co¬ 


product  of  N2H2)- 


,h  (CH7)7NNH7,  CH3NHHH2  end  N2H4  show  srgnificant 
The  O-atom  reactions  with  (CH3)2^2> 

■  .  the  OH  product.  Our  relative  measurements  provide  estimates 

internal  vibrational  excitation  m  the  OH  produ  di. 

,  .  r  nwrv"  =  1)  m  the  alkylatea  ui 

-  59%  and  -50%, U  respectively.  Production  of  O  ( 

or  -  ~  10 '  d  ,  independently 

.  ,  o  atom  reactions  (in  the  absence  of  added  H*>  quencher) 

.  of  weak  XJF  si°nals  where  the  hydroxyl  radical  was 
verified  in  this  wo*  b,  observations  -  efflissions 

.cited  ,n  the  (1.1)  band,  and  the  resultant 

monitored  at  a  monochromator/PMT  assembly.  No  ”  ’  ^  „  be  produced  in 

iaser  excitation.  Thus  most  of  the  —ally  excited  OH  . 

(v"  =  1)  state  with  approximately  <  5%  of  the  OH 

a  dm  all  three  0  +  di -amine  reactions  mean  that  removal  of  a 

The  low  OH  yields  determined  in  all 

-  nor  process  a,  298  K.  Hence  direct  H-abstraction  by  the  O-atom  from ,  - 
single  H-atom  is  a  mi  P  reaction 

,  ,  r.H  honds  plays  a  relatively  minor  role  m  the  o 
bonds,  and  when  availab  e  torn  addition-elimination 

■  Removal  of  hydrozen  atom(s)  could  also  well  occur  in  an  addition 
mechanism.  Remov  -  -  nf  k‘  for  T  <  500  K,  and  the  lack  of 

process.  The  observed  negative  temperature  dependencies  of  k„  . 

r  k~  or  B-  OH  in  no  to  404  torn  of  N2  pressure  would  be  consistent 

pressure  effect  on  k3  or  Bo, OH  •  ( 

formation  of  an  adduct  that  rapidly  dissociates,  m  pnnc.ple,  through  s 
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could  either  eliminate  H*>  (pi,  the  azo  co-fragment,  m  — ,  breaking  of  -  - 

HOH-N  bond,  or  OH  (pius  the  hydrazyl  co-fragment,  in  a  sequentia,  breaking  of  the  N-H 
bond  followed  by  the  0-H--N  bond.  Bridging  may  take  place  either  across  ?  H-atonrs  at  t  e 
same  nitrogen  or  between  2  H-atoms.  each  one  of  which  is  situated  at  the  2  dtfferent  mtro=ens^ 

Boner  and  HudsonlS  concluded  that  this  different-N  type  of  bndgmg  ts  favored  > 
CH3NHNH2  reaction  since  the  mass  spectrometric  appearance  signal  of  m/e  =  44  ton  or  c.s 

,  ,.cal  ch-NHN)  could  be  identified  with  a  stable  di-imide 

CH3NNH  (and  not  the  di-radical,  CHjiNrUNj 

product  32  while  no  tn/e  =  58  ton  signal  for  the  (CH3)2NN  product  was  seen  at  all  tn  the  case  of 
o  +  (CH3)2HHH2  reaction.  It  could  well  be  that  CH3NHN  and  («  are  also  formed  vta 

the  same-N  kind  of  bridging,  but  their  raptd  rearrangement/dissociation  prevented  them  from 

.  (  For  „ample  hiohly  excited  azomethane  would  be  expected  to 

beina  detected  in  their  system.  For  example,  mmiy 

t,_  n  j.  (CH^oNNHo  reaction.  The  reaction 
form  from  (CH3)2NN  rearrangement  m  the  0  '  <C  a).  - 

i  ->  j  -k-  diffident  to  dissociate  the 
,  .  .  ,  l0o  Veal  mol'l  m  this  channel  would  be  suft 

exothemucity  of  -  liw  Kcai 

,  u  ♦  cited  azoxnethane  (.at 

azomethane  into  2CH3  +  N2.  Previously,  it  is  been  shown  that  p 

193  nm)  does  indeed  fragment,  after  an  efficient  trans  ->  cis  or  mans  -4  gauche  isomenzatio 
the  rupture  of  two  C-N  bonds  via  a  concerted  mecharmsm.33  It  remains  an  open  quesnon 
whether  chemically-activated  azomethane  in  its  various  isomenc  forms  if  produced  m  t  e  ■ 
(CH3)9NNHo  reacrion  a>so  dissociates  similariy.  Thus,  direct  mass  spectrometnc  detection  or 
the  primary  product,  HgO  (or  the  CH3  and  H2  fragments  of  the  co-product)  wouid  have  been 

more  desirable  tn  Foner  and  Hudson's  work  to  show  whether  this  mode  of  °-at0m 
(CH3)2NNH2  was  important  or  not  Our  low  OH  yield  in  0  +  (CH3)2W«2  reaction 
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either  support  this  or  the  possibility  that  yet  another  type  of  addition  adduct  is  involved  m  these 
reactions.  The  observed  increase  in  the  room  temperature  reaction  rate  coefficient  along  the 
series:  N2H4,  CH3NHNH2,  (CHs)2NNH2,  with  rate  ratios,  1.0:13:3.5,  shows  that  increased 
methylation  is  facilitating  the  formation  of  such  adduct(s).  This  would  be  consistent  if  the  0- 
atom,  acting  as.  an  electrophile,  attaches  preferentially  to  the  substituted  N-atom,  where  the 
relative  electron  charge  density  would  be  expected  to  increase  with  increased  methylation  along 
the  homologous  series.  Evidence  for  such  a  process  may  be  found  in  the  related  amine 
homologous  series;  CH3NH2.  C2H5NH2,  (CH3)2NH,  (CH3)3N,  where  the  room  temperature 
O-atom  rate  coefficient  was  observed  to  increase  from  left  to  right,  and  was  independent  of  the 
argon  buffer  gas  pressure  of  13  to  52  torr  employed, 34  showing  here  also  that  H-abstraction  from 
N-H  is  probably  not  a  predominant  reaction  path.  The  observed  reactivity  trend  would,  however, 
be  consistent  with  increased  importance  of  H-abstraction  from  the  C-H  bond  or  adduct 
formation.  The  negative  temperature  dependence  seen  for  the  very  fast  (CH3)3N  +  O  reaction 
suggests  a  reaction  mechanism  involving  adduct  formation.  In  this  case,  direct  electrophilic 
attack  at  the  N-center  would  yield  an  excited  N-oxime  adduct.  This  can  either  undergo 

collisional  stabilization  or  fragmentation  to  products,  or  in  the  case  of  1°  and;2°  amine  reactions, 
the  initial  N-oxime  may  first  rearrange  to  another  excited  adduct,  a  hydroxylamme,  which  . then 
either  collisionally  stabilizes  or  decomposes  to  final  products.  To  our  knowledge,  absolute  OH 
or  other  possible  product  yield  measurements  have  not  been  performed  for  these  amine  reactions 
either.  Such  studies  would  be  very  valuable  for  discerning  which  reaction  path(s)  are  important 
in  the  O-atom  oxidation  of  amines.  Hence,  by  analogy,  N-oxime  type  adduct  formation  m  O  + 
di-amine  reactions  should  upon  (rearrangement  and)  N-N  bond  cleavage  also  either  lead  to  a 
hydroxylamine  product  plus  NH,  or  NH2  or  HNO  and  their  corresponding  co-fragments.  To 
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date,  no  direct  product  stud.es  on  these  spectes  have  been  earned  out.  We  plan  to  carryo 
measurements  -  these  radtea,  fragments  ,n  the  near  future  to  ascenatn  them  phenomena 
branching  fractions^  Also,  future  OH  and  OD  product  yield  measurements  m  O 
reaettons  Wlth  H-deu, crated  hydros  «CH3»  and  C*«*W>  or  wtth  them  y 
d„ aerated  analogues  should  provide  valuable  information  on  the  relattve  tmportance 


deuterated 


of  the  hydrogen  from  the 


methyl  functionality  compared  to  that  from  the  N-center. 


Even  though  an  Arrhenius  fit  to  M  and  h2  for  the  entire  temperature  range  of  232  to  644 

K  is  possible,  the  data  tn  Figure  3  for  T  >  500  K  c, early  shows  an  onset  of  upward  —  m 
the  temperature  dependence  of  *.  In  this  regtme,  etther  the  di-arrune  pyrolyttc  pro  uc 
affecting  our  rate  measurements  or  the  tmportance  of  another  reaction  (posstbly  *re^ 
abstraction)  is  increasing.  Future  tugher  temperature  rate  coefficient  an 

, , .  nf  interest  for  confirming  this  observation, 
measurements  would  be  ot  interest  iui 

Thermospheric  Plume  Chemistry,  From  our  presenr  data,  we  calculate  *2  to  be  -  2  x 
X0-11  cm3  molec-1  rl  for  a  typical  low  earth  orbtt  (LEO)  thermospheric  temperature 
-  SSO  K  Assumpdon  of  a  nommal  number  density  of  ~  ,  x  10*  moiec  cm-3  fot  the  ambtent  0- 
_  results  m  an  oxtdatton  l.fettme  of  -  50  seconds  fot  the  CH*HN*  -  —  m  the 

space  Shuttle  thuuster  plume.  The  oxidation  lifetime  of  the  fuel  fragments  mrght  be  much  shoner 

£C  .  t  t  doa  xf  could  be  much  higher 
r  FirstiY  the  thermal  rate  coefficient  at  880  K  cou 

than  this  for  two  reasons.  y> 

than  that  extrapolated  from  Figure  3,  and  second,,,  the  hyperthetma,  oxygen  atoms,  O 


direction' of  the  thruster  velocity  (~  3.5  km  s-1)  relative  to  the  Shuttle's  orbital  velocity  (~  7.8  km 
s-1),  the  di-amine  molecules  can  encounter  0*  travelling  with  relative  velocities  in  the  range 
from  4.3  to  11.3  km  s-1,  which  corresponds  to  collision  interaction  energies  m  the  range  1. 1-7.9 
eV.  These  energetic  encounters  could  have  higher  overall  reaction  cross-sections  and  promM 
via  several  different  modes  of  attack.  Perhaps  direct  abstraction  rather  than  addition/elimination 
could  be  the  predominant  reaction  mechanism  in  the  hyperthermal  regime.  This  would  lead  to 
entirely  different  kinds  of  product  branching  pattems/state  distributions,  and  therefore  it  and 
(possibly  uv)  chemiluminescence,  than  that  observed  in  the  room  temperature  bulb  experiments 
which  are  characterized  by  Boltzmann  energy  distributions.  Alternatively,  high-energy  bamer 
and/or  endothermic  channels,  and  pathways  that  involve  complex  geometrical  rearrangements 
with  electronic  excitement  could  become  more  accessible.  For  the  latter  type,  Orient  and  co¬ 
workers, 36  in  their  crossed-molecular  beam  apparatus,  have  seen  evidence  for  the  direct 
formation  of  electronically  excited  radical  fragments  when  very  fast,  ~  20  eV,  m  the  laboratory 
frame  (LAB),  O*  encounters  the  di-amine  molecule.  NH(A)  emission  was  seen  for  all  three  di¬ 
amine  reactions  under  single-collision  conditions,  while  CH(A)  and  CN(B)  emissions  were  seen 
only  for  the  CH3NHNH2  reaction.  In  an  earlier  work,  they  had  shown  that  the  threshold  for 

NH(A)  production  was  at  ~  7.0  eV,  LAB,  in  the  case  of  the  hydrazine  reaction.37  This  suggests 
N9H4  +  O*  -»  NH(A)  +  NH2OH  is  the  most  likely  reaction  channel  for  the  observed  emission 
since  it  has  a  lower  thermodynamic  threshold  of  ~  3.53  eV,  m  the  center-of-mass  frame  (CM), 
compared  to  other  possible  channels;  -4  NH(A)  +  H20  +  NH  and  -*NH(A)  +  NH2  +  OH, 
which  have  CM  thresholds  of  ~  5.32  and  -  6.28  eV,  respectively.  The  corresponding  minimum 
0*  beam  energy  needed  would  be  -  5.29,  -  7.98  and  -  9.41  eV,  LAB,  respectively.  Then 
measured  threshold  suggests  a  considerable  reaction  barrier  for  excited-state  product  formation. 
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No  measured  reaction  threshold  energies  are  available  for  the  0*  +  alkylated  di-amine  reactions. 
However,  these  should  have  reaction  barriers  at  least  equal  to  therr  thermodynamic  lower  1 
Thus  for  O*  +  CH3NHNH2,  the  corresponding  product  channels;  ->  NH(A)  +  CH3NH 
_  N1I(A)  +  H20  +  CH3N  and  -0  NH(A)  +  CH3NH  +  OH  would  have  CM  thresholds  of  >  3.41, 

2  2.81  and  >  6.22  eV,  respectively.  For  the  Space  Shuttle  plume,  this  means  that  the  reactions 

would  turn  on  at  relative  velocities  of  -  7.44,  -  6.76  and  -  8.66  tas-1,  respectively.  Indeed,  the 
NH(A)  plume-radiation  intensity  is  observed  to  show  a  strong  angular  dependence  on  the 
Shuttle's  orbital  velocity  vector  relative  to  its  thrust  vector,  with  an  observed  cut-off  somewhere 
in  between  30°  and  90°  (zero  and  180°,  respectively  being  wake  and  head-on  ram  firings).  In 
their  numerical  srmulatrons,  Vtereck  and  co-worker, M  did  no,  consider  direct  NH(A)  formation 
from  the  raw  fuel,  bu,  rather  from  similar  O*  reactions  with  tts  pyrolytic  product,  CH2NH  H 
NH(A)  +  H2CO  or  ->  NH(A)  +  H2  +  CO)  and  combustion  products,  HNC  (->  NH(A)  +  CO) 
and  HNCO  (-0  NH(A)  +  C02).  They  ruled  out  the  HNC  reaction,  since  in  the  plume  the  HCN 
isomer  should  be  the  favored  species,  and  its  reaction  with  0*  is  known  to  pro 
CN(B— sX)  emissions  in  the  laboratory.38  The  plume-rad, atton  a.  380  nm  due  to  CN(B^X)  was 
much  weaker', han  that  at  336  nm  due  to  NH(A^X),  .mplying  a  very  low  absolute  [HfC] 
relative  ,0  that  of  the  NH(A)  precursor.  The  HNCO  reaction  with  its  thermodynamic  threshold 
of  -  2.02  eV,  CM,  would  imply  an  onset  for  NH(A)  emission  at  relative  collision  velocity  m 
LEO  of  -  5.78  km  s-1,  whrle  the  higher  -  2.49  and  -  2.47  eV,  CM,  thermodynamic  thresholds 

for  the  CH2NH  reactions  would  imply  onset  at  -  6.80  and  -  6.78  km  s  ,  r  p 
Consequently,  the  higher  angle(s)  (between  the  orbital  and  thrust  vectors)  predicted  by  the  latter 
reactions  for  the  emission  onset  gave  better  agreement  with  the  observations,  and  therefore, 
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HNCO  was  also  ruled  out.  Note  that  the  0*  +  CH3NHNH2  reaction(s),  from  above,  would  also 
have  similar  high  angle  onset(s).  It  is  not  dear  whether  or  not  Viereck  and  co-worker  explicitly 
were  able  to  rule  out  this  direct  path  for  NH(A)  in  their  spacecraft/orbiter  contamination 
representation  accounting  for  transiently  emitted  species  (SOCRATES)  simulations,  ■  rather 
they  stipulated  that  a  precursor  (CH2NH)  mole  fraction  of  -  3  x  10-5  and  inclusion  of  its  O* 
reaction  in  the  code  gave  a  reasonable  reproduct, on  of  many  of  the  observed  NH(A)  plume- 
radiation  features,  including  the  variation  of  its  intensity  with  the  ram  angle.  To  our  knowledge, 
neither  the  O*  +  CHgNH  ->  NH(A)  +  H2CO  (or  ->  NH(A)  +  Hg  +  CO),  nor  the  HNC  +  O  ■  -a 
NH(A)  +  CO,  or  the  HNCO  +  0*  ->  NH(A)  +  C02  reactions  have  been  studied  in  the 
laboratory.  Also,  the  relative  CHoNH  and  CH3NHNH2  concentrations  in  di-amine 

thermospheric  plumes  have  not  been  directly  measured  accurately  enough^  to  say  conclusively 
what  is  the  dominant  source  of  the  NH(A)  radiation.  The  source  region  of  the  hypothesized 
CH2NH  species  could  be  the  exhaust  exit  plane  or  in-situ  production  in  the  plume.  If  latter  is  the 

case,  then  since  the  fuel's  pyrolytic  lifetime'll  is  expected  to  be  as  short  as  -  1/50*  of  a  second  m 
the  vicinity  of  the  spacecraft,  the  choice  of  CHoNH  over  CH3NHNH2  reaction  as  the  principle 
NH(A)  source  would  seem  to  be  very  logical.  However,  pyrolysis  of  the  fuel  m  the  plume  would 
initially  give  CH3NH  and  NH2  as  the  main  products.  Therefore,  the  relative  importance  of 
CHJNH  disproportionation  reaction  to  yield  CHoNH  plus  CH3NH2  compared  to  its 
hyperthermal  oxidative  loss  first  needs  to  be  understood  properly  for  LEO  conditions  before  the 
results  of  SOCRATES  or  any  other  numerical  simulations  can  be  correctly  interpreted  in  terms 
of  what  dominant  processes  give  rise  to  the  measured  NH(A)  optical  environment  of  the  di- 
amine  fueled  thermospheric  plume. 
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The  (far-field)  spectrum  of  the  plume  from  the  Space  Shuttle's  primary  RCS  (Figure  j  of 
Ref.  10)  also  shows  prominent  OH(A->X)  emissions.  We  are  not  aware  of  any  detailed  analysis 
for  its  emission  as  a  function  of  the  spacecraft's  altitude  or  its  ram  angle  dependence.  The 
'  following  can  be  said  about  the  possible  nature  of  its  source.  If  the  intensity  vanes  with  altitude 
in  a  manner  that  is  directly  proportional  to  the  O-atom  density  profile,  then  the  reaction  is  with  a 
precursor  which  itself  was  not  formed  by  a  prior  thermosphenc  O-atom  oxidative  step,  since  the 
latter  route  would  give  a  variation  in  intensity  that  would  be  quadratic  in  dependence  with  the  0- 
atom  density.  Either  combustion  effluent(s),  for  example  H20 ,42  or  raw  fuel  reaction(s)  with 
the  O-atoms  could  produce  this  radiation.  The  former  reaction  with  a  thermodynamic  threshold 
of  ~  4.79  eV,  CM,  has  been  hypothesized  to  be  important  since  H2O  is  the  most  abundant 

hydrogenous  species  in  exhaust  plumes.  Recent  OH(A->X)  emission  data43,44  0f  the  Progress- 
M  Spacecraft  have  been  analyzed,  with  some  success,' 44,45  using  the  H2O  +  0*  OH(X)  + 
OH(A)  source  chemistry.  However,  the  energetically  less  demanding  CH3NHNH2  +  O' 
-»  OH(A)  +  CH3N2H2  reaction,  with  a  threshold  of  -  2.82  eV,  CM,  may  also  be  important  at 

>  -  6.78  km  s-1  LEO  collisional  velocity  in  the  case  of  the  Space  Shuttle.  Thus  one  should  see 
an  angular  onset  of  OH  emission  very  similar  in  nature  to  that  observed  for  NH(A).  In  principle, 
the  mechanism  for  this  hyperthermal  reaction  might  just  be  ('direct')  H-abstraction  with 
electronic  excitation  in  the  OH  product.  The  extent  to  which  translational  excitation  in  the 
reactant  couples  to  higher  electronic  degrees  of  freedom  in  the  product,  and  its  reaction 
mechanism  and  dynamics  are  amongst  the  least  understood  molecular  processes  in  the  gas  phase. 
However,  the  related  hyperthermal  ions,  0+*,  are  known  to  react  with  di-amines  to  produce  uv- 
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visible  emissions  under  laboratory  conditions.  47  The  proposed  mechanism  for  the  emission 
involves  two  steps:  an  initial  charge  transfer  (possibly  a  dissociative)  process  to  give  the  di¬ 
amine*  (or  a  daughter*)  ion,  followed  by  a  dissociative  recombination  step  of  the  cation(s)  with 
the  residual  plasma  electrons  to  give  electronically  excited  fragment(s).  Such  processes  m  L£0 
are  expected  to  be  of  minor  importance  since  the  ion  density  (of  which  ~  98%  is  due  to  0+*)  is 
typically  ~  104  times  less  than  the  ambient  0*  density.  Since  Orient  and  co-workers  did  not 
report  uv  measurements  below  ~  325  nm,  we  plan  to  search  for  OH(A-^X)  emissions  m  >  3  eV- 

0*-atom  interactions  with  N2H4  and  CHsNHNHg.^S 

To  our  knowledge,  ab-initio  molecular  orbital  theory  computational  study  on  the  0 
N?H4  reaction  has  not  been  performed.  It  should  be  interesting  to  see  if  an  overall  en 
profile  typical  of  an  addition-elimination  mechanism  is  calculated  at  thermal  energies,  and  what 
the  predictions  are  for  the  transition  states  and  reaction  intermediates.  Also,  of  interest  would  be 
RJRKM/TS-theory  predictions  for  the  absolute  value  for  the  rate  coefficient  and  the  product 
branching  fractions  and  their  temperature  and  pressure  dependencies,  and  QCT  simulations  on 
the  derived  PES  to  ascertain  the  nature  of  product  state  distnbutions  as  a  function  of  the  collision 

energy.  -  -  ' 

CONCLUSIONS 

For  the  first  time,  the  O-atom  rate  coefficients  for  gas  phase  reactions  with  (CHs)2NNH2 
and  CH3NHNH2  have  been  measured  in  the  range  232-644  K  and  in  He  pressure  of  —0  to 
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mechanism  involving  the 
/anety  of  products.  Previous 


« shown  to  have  weak  (native)  temperature  dependences  was  the  case  with  the  O  +  N2H4 
reaction.  The  lack  of  any  pressure  dependence  in  the  latter  reactton.  and  the  low  OH  ytelds 
measured  in  all  tW^ree  reactions  suggest  a  complex  reaction 
formation  of  an  initial  adduct  which  then  rapidly  dissociated  into  a  v 
studies  have  shown  HoO  plus  the  dt-tm.de  co-fragment  to  be  the  dotrunant  products 
react, on(s).  Future  experimental  product®  state  Attribution  and/or  alignment  measurements 
{for  instance  for  the  OH  product*)  should  provide  valuable  dynanucal/mechanrsttc  .formation 
about  the  predominant  forces  and  torques  that  are  exerted  as  the  trans.ent  (ON0H4}  epectes 


unfolds  into  products. 
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FIGURE  CAPTIONS 


Figure  1  Measured  O-atom  resonance  fluorescence  signal,  as  a  function  of  flow-tube 
reaction  time,  t  in  different  (CH3)2NNH2  concentrations;  =  zero  (open  circles),  =  0.z87  x  10^ 
(solid  squares),  =  0.643  x  1013  (open  squares),  and  =  0.957  x  1013  molec  cm^  (solid  mangles), 
at  371  K  and  in  1.96  torr  He.  The  OH  is  produced  in  the  side-arm  port. 


Figure  2  Plot 


[(CH3)2NNH2]  of  Figure 


knet(l  +  knet®/v2),  where  Z>,  in  units 


of  pseudo-first-order  decay  coefficients,  knet  -  (k'l  +  kw,m)  versus  the 
1.  Because  the  upward  correction,  of  knet  for  diffusion,  kcorr  - 


of  cm2  s-1,  is  the  diffusion  coefficient  of  O-atoms  in  He  is 


expected  to  be  <  5%,  Ref.  18.  the  flow-tube  data  was  not  corrected  for  this  since  the  other  overall 
errors  in  the  experiment  are  calculated  »  be  -  ±  18%,  Ref.  14.  The  absolute  second-order  rate 
coeffictent,  ki  is  determined  to  be  (2.05  ±  0.36)  x  10-H  cm3  molec-1  s-1  at  371  K. 


Figure  3  The  Arrhenius  temperature  dependencies  of  the  absolute  second-order  rate 
coefficients;  ki  and  k2  for  O-arom  reactions  wtth  (CH3)2NNH2  (open  triangles)  and 
CH3NHNH2  (open  circles),  respectively.  The  l-o  error  bars  represent,  on  average,  an  overall 
uncertainty  of  -  i  18%  in  the  rate  coefficient  values.  Previous  room  temperature  results  for  kl 
(solid  triangle)  and  k2  (solid  circle)  from  Ref.  11  are  also  shown. 


Figure  4  (a)  OH  appearance  profile  in  O  +  CH3NHNH2  reaction  studied  in  the  flow-tube 

apparatus,  (b)  OH  appearance  profile  in  O  A  N2H4  reaction  dunng  193-mn  photolysis  of  N20 
(2.1  x  1015)  i„  N2  (6.9  x  iOlT)  and  C02  (8.1  x  1016  m0,ec  cm-3).  The  laser  fluence  was  -  1.5 
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mJ/cm2/pulse  and  N9H4  concentration  was  1.10  x  1013  molec  cm-3.  The  charactenstic 
coefficients  of  appearance  and  decay  in  the  signals  yield  values  for  k’fOH  and  k'j,  respectively. 
Where  k’i  and  k'i,OH>  are  respectively,  the  first-order  rate  coefficients  for  O-atom  and  OH 

radical  reactions  in  the  system. 

Figure  5  Second-order  plots  for  0  +  CH3NHNH2  flow-tube  reaction  at  298  K  and  in  2.0 
torr  He  pressure:  (a)  decay  coefficients,  k’2  directly  determined  by  O-atom  detection  (open 
triangles)  and  by  fitting  observed  OH  product  profile  of  Figure  4  (a)  to  a  bi-exponential  kinetic 
expression  (solid  triangles),  (b)  the  corresponding  appearance  coefficients,  k’2,OH  m  the  bi- 
exponential  fit.  (c)  phenomenological  OH  branching  coefficient  (RHS  of  Equation  (II)) 
determined  by  comparison  of  growth  in  the  OH  signal  relative  to  decay  of  the  O-atom  signal,  see 

text. 
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